Changes in the flux of dissolved organic carbon (DOC) into and out of lakes are important to the biogeochemistry of aquatic environments. The ability to estimate or model DOC fluxes and concentrations in lakes and other surface waters is of great benefit for investigations of aquatic systems. Spatial attributes of catchments were derived using GIS techniques and combined with published DOC mass balance models from 20 small study catchments and seven lakes to 
INTRODUCTION
Dissolved organic carbon (DOC) is a critical component of all freshwater aquatic ecosystems. Changes in the flux of DOC into and out of lakes are important to the biogeochemistry of natural systems because DOC concentrations influence water chemistry parameters and the physical environment, including optical and thermal properties. For example, light penetration into surface waters is changed (Scully & Lean 1994; Molot & Dillon 1997; Lean 1998) , which affects primary productivity and heat storage (Perez-Fuentetaja et al. 1999) . Some trace metals, trace organics and nutrients bind to DOC; their export to lakes is affected by DOC export (Mierle & Ingram 1991) as is their toxicity (Driscoll et al. 1995) . The ability to estimate or model DOC fluxes and concentrations in lakes and other surface waters is of great benefit for investigations of aquatic systems.
The principal source of DOC to streams, rivers and lakes found in boreal ecosystems is the catchment (Rasmussen et al. 1989) , particularly wetlands within the catchment (Eckhardt & Moore 1990; Koprivnjak & Moore 1992; Clair et al. 1994) . Wetlands are areas where the pedology and ecology is changed because the groundwater table is at, close to or above the ground surface, at least periodically (Price & Waddington 2001) . Poor drainage and subsequent soil saturation of wetlands leads to accumulation and anaerobic decomposition of natural organic material; eventually DOC is leached into streams (Tan 2003) . doi: 10.2166/nh.2009.106 There are four main classes of wetlands in Ontario: swamps, marshes, bogs and fens (Maltby 1986) . Swamps are at least seasonally flooded and contain woody plants. Marshes are either saturated or seasonally flooded with water from sources other than direct rainfall (groundwater seepage, stream runoff) and contain grasses and herbaceous plants.
Both swamps and marshes may contain appreciable quantities of peat, though marshes in general do not accumulate peat. Bogs are acidic, accumulate peat and are fed by rainfall.
Fens are alkaline, accumulate peat and are fed by groundwater. All four classes of wetlands contain deep organic soils that serve as terrestrial sources of DOC to aquatic systems.
The average annual concentration of DOC in streams and lakes has been related to the proportion of wetland area in the catchment (Dillon & Molot 1997a; Gergel et al. 1999; Creed et al. 2003 Creed et al. , 2008 . However, DOC is also contributed from other terrestrial portions (i.e. forest soils) of the catchment. DOC in soil water percolates through the upper organic soil horizon to the lower horizon and then over bedrock to surface waters. Both horizons contribute DOC to streams through diffuse runoff but the upper soil horizon contributes more because of higher DOC concentrations in the soil water. In the lower horizon, most DOC is mineralized to DIC (dissolved inorganic carbon) (Futter et al. 2007 ).
Models can be used to analyze and explore scientific problems and identify knowledge gaps in processes, rates and parameters. They can be based on a system that has reached steady state, even if there are short-term fluctuations or if the system underwent changes in the past. At steady state, inputs equal outputs and the total pool of a given element inside a compartment of the environment does not change. In reality, few catchment studies conform strictly to steady-state conditions; nonetheless steady-state models are useful to gain insight into biogeochemical processes on an average annual basis.
In previous studies, Dillon & Molot (1997a) developed an empirical DOC catchment export model based on peatland area and Dillon & Molot (1997b) developed a steady-state lake retention model for Precambrian Shield lakes using measured DOC inputs and outputs. In this study, these two models are used in conjunction with a Geographic Information System (GIS) to estimate DOC concentrations for lakes in the Muskoka River Watershed (MRW), a large tertiary watershed in south-central Ontario, Canada. The GIS based "Lake DOC Model" uses empirical and semi-empirical parameters that describe the variation in DOC retention among lakes within the watershed and uses a spatially explicit tracking system for monitoring DOC movement from DOC production within catchments, to consumption of some of the DOC within a lake, to export of the remaining DOC to downstream lakes and/or rivers.
DOC is tracked through each lake in a watershed until its eventual loss at the river mouth.
It is important to have a useful approach to large-scale DOC modeling that incorporates some of the heterogeneity of catchments without becoming overly complicated (Gergel et al. 1999) . While some processes may become simplified, these simplifications (and/or generalizations) allow for DOC modeling of large watersheds that may suggest hypotheses for future studies. Our model contains these qualities as it links easily determined catchment characteristics with empirical models to estimate DOC budgets.
The goal of this study is to predict DOC concentrations in a series of lakes of the MRW using a mass balance model based on a published relationship between wetland to catchment area ratios and measured DOC fluxes, published DOC loss rates in lakes via sedimentation and degassing to the atmosphere, and hydrology. Specific objectives were to:
(1) extend the steady-state integrated catchment-lake models of DOC fluxes in peat-dominated catchments created by Dillon & Molot (1997a,b) to include hydrologically connected headwater and non-headwater catchments (i.e. connected by surface or ground waters); (2) use the extended model to estimate DOC concentrations for all lakes in the MRW; (3) compare these estimates against observations of DOC concentrations in some lakes in the MRW; (4) evaluate the consistency of the Lake DOC Model across the MRW; (5) perform sensitivity analysis on the model and (6) examine relationships between wetland estimates and lake DOC concentrations.
METHODS

Study area
The Muskoka River Watershed (MRW) is a tertiary watershed located in south-central Ontario, Canada Deeper sand, silt and clay deposits exist in the central valleys and southwest portion, supportive of farm pasture fields. Forests are often dense and include mixed hardwood (maple, birch and oak) and coniferous species (spruce, white and red pine, balsam fir, tamarack and hemlock).
The area was extensively logged around the beginning of the 20th century but has not had significant logging since then.
Of the 150,000 people populating the MRW, two-thirds are seasonal residents. reflecting the fact that these are lakes impacted by acid rain (Eimers et al. 2004) . Up to 20% of the lakes have sodium (Na) or chloride (Cl) levels . 2 mg L 21 , probably a result of application of road salt within the watershed.
Model structure
The Lake DOC Model is comprised of catchments listed in rows and spatial and budget parameters listed in columns of a spreadsheet. Parameters are connected using Dillon & Molot (1997b) . Wetland areas within each catchment were identified and used to calculate the per cent wetlands for each catchment (Table 2) . Two different methods were used for estimating wetland areas and the effect of these different methods on the Lake DOC Model were assessed. The first method used to estimate wetland areas was based on NRVIS data. A "Water Feature Area" GIS layer, derived from 1:10,000 OBM digital data, was used to obtain lake and wetland areas. The GIS layer contained surface water features identified as either wetland or other water features (lakes, rivers and reservoirs (including flooded areas)).
Wetlands and lakes were put into separate GIS layers; the lake GIS layer included reservoirs but excluded rivers. ( 1987)) combined with topographical and hydrological data.
Additional hardwood wetlands were added from 1:10,000
Forest Resource Inventory (FRI) generated from aerial photography. All wetlands were modeled into a final dataset for each region (e.g. Parry Sound).
Using GIS, the RAT wetlands for the model were merged together from three RAT datasets (County of Haliburton,
Districts of Parry Sound and Muskoka) obtained from Ducks
Unlimited Canada (Barrie, ON, Canada). This layer was clipped using the MRW boundary. The RAT wetland data 
Budget parameters
In this study, the models used to determine DOC export to lakes and DOC concentration within lakes were developed previously by Dillon & Molot (1997a,b) . These models were ) (Equation (1)). The details of these variables are described in the paragraphs below: ation from lakes; therefore the difference between P and E was equal to Q (Equations (2) and (3)). As a result, q s for headwater lakes was calculated in the model using Equation (4):
where A d is the catchment area (m 2 ) excluding the lake, A o is the lake area (m 2 ) and A w is the catchment area (m 2 )
including A o .
Water entering a lake was assumed to be the same quantity that leaves through the lake outflow; thus, q s was the same for input and output. Water flowing out of a lake was equal to the lake's q s multiplied by its A o ; and this was the volume of water the upstream lake contributed to a lake directly downstream. For non-headwater lakes, the water flowing in from upstream lakes (m 3 yr 21 ) was included in Equation (4) (see Table 2 ).
The loss coefficient, v l (m yr 21 ) which estimates DOC lost from the water column through mineralization and burial into the sediments, was estimated by Dillon & Molot (1997b) from long-term mass balance data from seven lakes in the region. v l was based on the result of a relationship between retention (R), the portion of DOC loaded to a lake that is not lost through its outflow, and lake discharge (q s ), for the seven lakes. Therefore a single v l is applicable to these lakes and has been applied to the lakes of the MRW (Table 2) .
v u was assumed to be the same value as v l in this study because another estimate of v u was not available from the literature. Theoretically, though, v u could be less because DOC would be less labile coming from upstream lakes compared to DOC from local catchments and therefore would not be as easily lost from the water column.
DOC travels downstream through lakes connected
hydrologically; the advantage of this model is that DOC is routed from upstream to downstream lakes ( Figure 3 ).
Annual DOC output from each lake via the outflow (mg yr 21 ) was calculated using the modeled lakewater DOC concentration (DOC m ) multiplied by the lake area (A o ) and q s . DOC output from a lake was assumed to be the same quantity that entered the lake directly downstream (calculated as loading in mg m 22 yr 21 according to downstream lake surface area). Therefore loadings from all catchments directly upstream (i.e. only the next lake in each chain) of a lake were summed together (L u ), and then also combined with the lake's local catchment loading (L c ), to produce a total loading to a non-headwater lake (Equation (1) and Table 2 ). The production and/or consumption of DOC in streams as it travels between lakes is an important process (Kö hler et al. 2002) ; it was not included in the Lake DOC Model, but will be considered in future research (e.g.
using Integrated Catchments Model for Carbon (INCA) (Hanson et al. 2004; Futter et al. 2007) ).
Autochthonous DOC is derived from primary production (including from algae, phytoplankton and macrophytes) within a lake, but it is decomposed rapidly and is . The concentrations were averages from either regular sampling events (over many years for some 
Export equation evaluation
The export equation (from Dillon & Molot 1997a) was developed using DOC export and %peatland of gauged subcatchments, but the Lake DOC Model was based on whole catchments (excluding lakes) and RAT-based wetlands.
Peatlands were determined using aerial photograph analysis wetland areas of gauged sub-catchments (Table 3) or (B) RAT wetland areas of whole catchment areas (excluding lake; DOC export for the ungauged sub-catchments were treated as the weighted average of the gauged subcatchments) ( Table 3 ). The resultant export equations were used in the Lake DOC Model instead of the export equation from Dillon & Molot (1997a) .
Sensitivity analysis
Sensitivity analysis was used to determine the sensitivity of the model output (DOC m ) to the input parameters.
Parameters that have a strong influence on the output should have as little uncertainty as possible. Sensitivity analysis was performed with Crystal Ball w 7 (Oracle USA, Inc., Redwood City, CA) using Monte Carlo simulations that selected random values from ranges of parameter values and various starting points. Ranges were described by probability distributions that represented the data.
Coefficients (e.g. loss coefficient) were given a uniform range covering realistic values. The sensitivity analysis trials were set with a very high number of simulations (i.e. 
were used in the Lake DOC Model. The export equations were developed using DOC export data (Dillon & Molot 1997a ) and either %RAT-based wetlands of the gauged portion of the catchments (Test A) or whole catchments not including the lake area (Test B). Coefficients of determination (r Yes from each input parameter to 100%, the sensitivity of the output to each of the parameters could be compared.
Parameters were included in the sensitivity analysis if some part of their calculation was unique and not simply constructed from other parameters. Sensitivity analysis was performed using the entire dataset, but also for a subset of the data that included only headwater lakes.
RESULTS
Modeled DOC concentrations
RAT-based models were better able to predict DOC concentrations of lakes than NRVIS-based models. When NRVIS-based wetlands were used in the Lake DOC Model, the slopes of the relationships between DOC m vs. DOC o were much less than 1 (slope of DOC m vs. DOC o ¼ 0.54-0.58, Table 4 ). In contrast, when RAT-based wetlands were used in the Lake DOC Model, the slopes were similar to 1 
Within-model consistency
The results of four subsets of the model that used RAT wetlands (model trial 5) are listed in Table 6 . DOC m vs. The medians of the parameters from subsets 1 and 4 (better model fit for latter; Table 6 ) from within-model tests were compared; subset 4 had slightly higher catchment areas, lake area, runoff and lake discharge. According to these investigations no catchment characteristic was substantially better represented by the model.
Residuals
The Table 4 ). One-to-one line (dashed) is drawn for comparison to the regression trend line. ) (DOC m vs. DOC o , respectively) for headwater and non-headwater lakes of the MRW. The y intercept was forced through 0 if it was not significantly different than 0. Rapid Assessment Technique (RAT) wetlands were used in the models (model trial 5, Table 4 (Table 7; 
Export equation evaluation
The results of the Lake DOC Model, using the export equation derived from %RAT-based wetlands in gauged catchment area, were not as good as when the export equation from Dillon & Molot (1997a) was used (slopes of 0.75 vs. 0.94, respectively) ( Table 3, Test A and Table 4 , model 5). When the export equation derived from %RAT of the whole catchment areas was used, there was a better fit between DOC m and DOC o , according to slope (0.98) (Table 3, Test B ). An export relationship based on RAT wetland areas of the whole catchment would be ideal because it is consistent with the structure of the Lake DOC Model.
Sensitivity analysis
Results of sensitivity analysis performed on the whole model are shown in Figure 9 (Table 4) . Figure 9 (b). The importance of headwater model parameters increased, but they were similarly ordered to the parameters from the full sensitivity analysis.
DISCUSSION
Large-scale DOC modeling approaches that incorporate the heterogeneity of catchments without becoming overly complicated are needed (Gergel et al. 1999) . A Lake DOC Model was developed based on previously published relationships between percentage wetlands in catchments and DOC export to lakes (Dillon & Molot 1997a ), DOC loss rates in lakes via sedimentation and mineralization (Dillon & Molot 1997b) , and lake water fluxes to predict DOC concentrations in lakes. This model was used to track DOC movement from its source areas within catchments to its export to downstream lakes in the MRW, a large tertiary watershed in south-central Ontario, Canada.
The performance of the Lake DOC Model was sensitive to the method used to estimate wetland areas. Models using NRVIS-based wetlands underestimated significantly DOC concentrations of lakes. Models using RAT (Rapid Assessment Technique) based wetlands resulted in a better fit between modeled and observed DOC concentrations of lakes. Therefore RAT-based wetlands became the subsequent focus of this study.
Model performance was improved slightly by inclusion of small lakes (,5 ha) as wetland areas but not beyond the Table 4 with Table 6 ). While it was inconclusive as to whether small lakes or riparian wetlands contribute DOC to lakes, their impact on model predictions within the MRW was not significant. Including both small lakes and riparian areas over-predicted DOC, though.
The Lake DOC Model did not distinguish among wetland classes. The potential for DOC release (or retention) will vary among wetland types (Johnston et al. 2008) .
The RAT database included information on both wetland area and class for the MRW. However, field campaigns conducted to confirm these wetland characteristics revealed (Table 4) was used for the analysis.
advances in wetland mapping (e.g. Creed et al. 2003 Creed et al. , 2008 .
If these wetland mapping techniques are combined with high resolution optical remote sensing data accurate wetland areas and classes at regional scales may be produced. 
